Abstract
Introduction 2015 for the proband in family #208. The clinical information for the proband in family #32 was collected in 1998 and was used for comparison of phenotype between the two families. Written informed consent was obtained from all participants. This study was approved by the Medical Ethics Committee of Peking University First Hospital.
Targeted next-generation sequencing
A blood sample was collected from the proband in family #208. Genomic DNA was extracted using the Qiagen blood DNA extraction kit (Qiagen, Hilden, Germany). The targeted exome sequencing included 136 nuclear genes and mitochondrial genes known to be responsible for nonsyndromic or syndromic hearing loss. After the construction of an enrichment library using the MyGenostics GenCap enrichment kit (MyGenostics, Baltimore, MD, USA) [26] , the sample was sequenced on an Illumina HiSeq 2000 sequencer (Illumina, San Diego, CA, USA). The SOAPaligner program was then used to align the read sequences to the human reference genome (hg19). After duplicates had been removed using Picard software, the SNPs and InDels were identified using SOAPsnp and GATK programs. Subsequently, the reads were realigned to the reference genome using BWA. The identified SNPs and InDels were annotated using the Exome-assistant program. MagicViewer was used to view the short read alignments and validate the candidate SNPs and InDels. The variants detected by targeted next-generation sequencing were confirmed by Sanger sequencing. The forward primer 5'-CAAGATCTCCATTTGGGAAGG and reverse primer 5'-ACCCACTTGGCCTCCAAAG were used for amplification of exon 7 of COCH gene in the family members of this pedigree. PCR products were directly sequenced using an ABI 3730 sequencer.
Audiological tests
Pure-tone audiometry (PTA) for sensorineural hearing loss diagnosis was performed by standard audiometry (Otometrics, Taastrup, Denmark) in a sound-proofed room according to clinical standards. Tympanometry was performed using a Madsen Otoflex 100 immittance system. The transient evoked otoacoustic emissions (TEOAEs) and distortion product otoacoustic emission (DPOAE) recordings were conducted using a Madsen Capella OAE System.
Videonystagmography
Eye movements were recorded via the ICS Medical VG-30 infrared camera goggles and subsequent eye movements were analyzed using ICS Medical CHARTR ENG version 4.1 software. Spontaneous nystagmus testing was performed, while Random Saccade and Smooth Pursuit Eye movements were recorded as per nystagmography. Monitored eye movements were analyzed by computer and compared to age-matched and in-house validated normative data in terms of gain, latencies and accuracy of eye movements.
Caloric testing
This was performed with the patient supine and head anteroflexed at 30˚. Irrigation with hot (50˚C) and cold (24˚C) water was maintained for 30 seconds with a between-stimuli interval of 5 minutes. Symmetry of peak angular slow-phase velocity was analyzed and unilateral canal paresis (UCP) was assumed at a side difference >15%.
Electrode; ref.: 60173 Otometrics, FL, USA). The electrode was positioned close to the posteroinferior quadrant of the tympanic membrane. The reference electrode was positioned on the mastoid bone of the contralateral ear with the ground electrode on the forehead. Click stimuli and tone bursts at frequencies of 1000 Hz were utilized. A reproducible SP/AP (summating/ action potential) ratio of greater than 37% was considered abnormal for the click stimulus.
Vestibular-evoked myogenic potential (VEMP)
This was recorded from the contracted cervical muscles (cVEMP) via the sternocleidomastoid muscle through stimulation by short-tone bursts (STB, 500 Hz; 95 dBnHL normal hearing level; rise/fall time, 1 ms; plateau time, 2 ms). Surface EMG activities were recorded from Ag/ AgCl surface electrodes ipsilaterally placed over the middle part of the muscle. The reference electrode was placed on the upper sternum and the ground electrode was positioned between the eyebrows. Using the ICS ChartrEP 200 (Otometrics, Taastrup, Denmark) and an insertphone type headphone, the recorded VEMPs were measured by the mean latencies of peaks p13 and n23 and the amplitudes of peak p13 to peak n23.
Video head-impulse test
ICS Impulse (Otometrics, Taastrup, Denmark) was used in this test which recorded the corrective saccades when rapidly turning the head to the side of vestibular weakness. Approximately 20 horizontal head impulses were manually applied to each side with random timing and direction. The same eye was recorded simultaneously with video-oculography. Two data sets were obtained for each recording session to show the reliability of the calculated gains. Video images were analyzed online to calculate eye position and velocity using a pupil detection method. The criterion for a normal vestibular ocular reflex (VOR) velocity gain was that it should be 0.68 or greater, based on head impulse test (HIT) data from 12 previously published healthy asymptomatic subjects.
Transient expression in HEK293 cells
The mammalian expression plasmid containing the open reading frame of mouse COCH cDNA (NM_001135058) with a DDK-myc tag at the 3' end was obtained from Origene (Rockville, MD, USA). We also used a site-directed mutagenesis kit (Transgen, Beijing, China) to produce the c.889G>A (p.C162Y) mutation in COCH cDNA in the plasmid. The sequences in the wild-type and mutant COCH plasmids were confirmed by sequencing. Human kidney cell line HEK29 cells were divided into two groups: one was transfected with wild-type COCH plasmid, and the other was transfected with the mutant COCH plasmid.
Mass spectrometry
After 48 hours, the cultured cells were collected in the lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with protease inhibitor cocktail (M221, AMRESCO) to produce cell lysate. After separating the lysate in SDS-PAGE, the gels were silver-stained and digested for LC-MS/MS analysis. The sample was separated by a 120-min gradient elution at a flow rate of 0.300 μL/min with the Dionex 3000 nano-HPLC system. The Q Exactive mass spectrometer was operated in the data-dependent acquisition mode using Xcalibur 2.1.3 software and a single full-scan mass spectrum was collected with an Orbitrap mass spectrometer (400-1800 m/z, 70,000 resolution) followed by 20 data-dependent MS/ MS scans. The MS/MS spectra were searched against the Uniprot database (http://www. uniprot.org/).
Western blot
The SDS-PAGE gel was transferred onto a nitrocellulose membrane, and the membrane was blotted with 1:1000 rat anti-COCH antibody (MABF267, Millipore) diluted in 5% non-fat milk/Tris-based saline/0.05% Tween 20 solution. The blotted antibody was recognized by 1:10,000 peroxidase-conjugated mouse anti-rat IgG antibody, and developed with the enhanced chemiluminescence method (ECL; Immobilon Western Chemiluminescent HRP Substrate, Millipore).
Immunofluorescence
The transfected cells were fixed in 4% paraformaldehyde. After washing three times, they were incubated in a blocking solution (10% goat serum/PBS/0.25% Triton X-100) for 1 h. The cells were then incubated with 1:400 mouse anti-FLAG antibody (# A02010, Abbkine) in the blocking solution at 4˚C overnight. After washing, the cells were incubated with 1:500 Alexa Fluor 488-conjugated goat anti-mouse IgG (A11034, Molecular Probes) in PBS at room temperature for 1 h. After washing three times and staining with DAPI, the slides were observed with a confocal microscope.
Results

Missense mutation in COCH gene in family #208 and family #32
Family #208 is a Chinese family with DFNA9 of autosomal dominant inheritance spanning four generations ( Fig 1A) . Six family members ranging from 35 to 80 years of age were diagnosed as having sensorineural hearing impairment by pure-tone audiometry. Some patients also had symptoms of tinnitus and dizziness. The proband was characterized by recurrent vertigo and progressive deterioration of hearing loss.
A blood sample from the proband in family #208 was subjected to targeted next-generation sequencing, which included 136 nuclear genes and the mitochondrial genes known to be responsible for nonsyndromic or syndromic hearing loss (S1 Table) . Sequencing data were analyzed using publicly available databases such as dbSNP 135, HapMap database, 1000 Genomes Project and a local control database, and then confirmed by PCR-Sanger sequencing. Seven candidate variants were identified in the proband (S2 Table) . Based on the characteristics of nonsyndromic hearing loss and autosomal dominant inheritance in this family, three variants causing recessive hearing loss were excluded. We then used SIFT and PolyPhen-2 websites to predict functional changes of the remaining four variants, and only the c.889G>A (p.C162Y) variant in COCH gene (Fig 1B) was predicted to be pathogenic. The proband was heterozygous of the variant by Sanger sequencing, identical to the proband in the Chinese family #32 we reported previously (Fig 1D) .
Clinical characteristics of the probands in family #208 and family #32
The proband in family #208 (pedigree III-3) initially presented with bilateral sensorineural hearing loss of a decreasing pattern involving low frequencies ( Fig 1C) associated with tinnitus, aural fullness and self-reported vertigo in her 4th decade of age. The vertigo was recurrent and with head-motion-unrelated spinning. She endured three severe attacks in the first year. During the severe attacks, physical movement was restricted and tinnitus and aural fullness became aggravated without a change in audile ability, which continued for more than 5 hours but not more than 24 hours. Mild attacks often occurred between severe attacks, during which physical activities could continue. In the follow-up period of 3.6 years, the audiogram threshold showed a mild decrease at high frequencies (Fig 1C) , severe vertigo attacks and symptoms such as tinnitus and aural fullness persisted. The acoustic immittance testing suggested a normal middle ear. The otoacoustic emission (OAE) tests consistently showed no signal for TEOAE and partially induced DPOAE signals, indicating damage to the cochlea.
In our hearing loss family #32 with the same mutation of c.889G>A (p.C162Y) in COCH gene, the affected members presented with early-onset hearing loss in the 2nd decade of life [17] . The proband in family #32 demonstrated severe sudden deafness several times without vertigo. In the first episode, he suffered complete deafness in his right ear. After 3 years, he suffered a sudden deafness attack in the other ear. Pure tone audiometry (Fig 1E) revealed severe sensorineural hearing loss of the left ear (50 dB HL from six-tone average) and right ear (complete deafness at all frequencies). His external auditory canals and tympanic membranes were normal. After treatment with prednisone and ginaton (ginkgo biloba leaf preparation) for 1 month, the audiogram showed a 10 dB recovery at low frequencies. Two years later, the patient suffered another attack of sudden deafness at all frequencies, with limited response to treatment (Fig 1F) . Severe sensorineural hearing loss in the left ear (50 dB HL by 6-tone average) and complete deafness at all frequencies in the right ear were shown (purple symbols). After 1 week, reexamination of the audiogram showed a 10 dB recovery in low frequencies (yellow symbols). F. Results of the pure tone audiometry of the proband in family #32 at the second visit. Two years later, the proband suffered another episode of sudden deafness at all frequencies (purple symbols), but the treatment showed limited effects according to the results 1 week later (yellow symbols). 
Vestibular function assessment of the proband in family #208
Normal videonystagmography in the neurotologic examination excluded the central causes of her vertigo. Caloric testing showed unilateral canal paresis on the left side with a side difference of 30% and the abnormalities returned to normal in the follow-up study, consistent with the self-reported degree of vertigo. For the electrocochleogram, the SP/AP ratios were 51% and 38% for left and right ears, respectively, and increased to 62% and 50%, respectively, on follow-up study (Fig 2A) , indicating aggravation of the abnormality. The VEMP neuroelectrophysiological assessment technique evaluates otolithic organs of the utricle and saccule. The proband displayed normal latency of p13 and n23 on both sides, and lower amplitude between p13 and n23 on the left side, indicating a weakened function of the utricle on the left side ( Fig  2B) , consistent with the weakened equilibrium function of the proband. In addition, there were no significant abnormities in video head-impulse test during the interval of vertigo attacks (Fig 2C) . The clinical differences between the probands in family #208 and family #32 are summarized in Table 1 . translational cleavage to produce two shorter fragments [21] [22] [23] [24] [25] [26] . We tested the functional changes of the p.C162Y mutant cochlin. Basic physical and chemical properties were predicted for wild-type and mutant cochlin. The extinction coefficient was 0.798 for mutant cochlin and 0.773 for wild-type cochlin. The grand average of hydropathicity (GRAVY) was -0.025 for wild-type cochlin and -0.032 for mutant cochlin, suggesting that the mutant cochlin is likely to be insoluble. The most hydrophobic region is located near the 162nd amino acid residue in the mutant cochlin.
Functional analyses of the p.C162Y mutation in cochlin
HEK293 cells were transfected with wild-type or c.889G>A (p.C162Y) mutant cochlin cDNA to examine the functional changes of the mutant cochlin. After transfection for 48 hours, the 10x concentrated cultured medium was subjected to SDS-PAGE and silver staining (Fig 3A) . The bands near 25 kDa were much weaker in the cultured medium from the cells transfected with mutant cDNA. The most clearly stained band near 25 kDa was cut for mass spectrometry, and the result showed that cochlin was the most abundant protein in this band. Therefore, p. C162Y mutation affected the secretion of shorter cochlin fragments into the medium.
The cell lysate of transfected cells was harvested and separated in non-denatured polyacrylamide gel to conduct western blot using rat anti-cochlin antibody as the primary antibody ( Fig  3B) . More dimeric cochlin (~130 kDa) and aggregated cochlin (>130 kDa) were found in the cells transfected with the mutant cDNA. The transfected cells were also stained by immunofluorescence to show transfected cochlin and observed under a confocal microscope. The cells transfected with mutant cDNA showed an aggregated pattern around nuclei (Fig 3C) .
Relationship between the mutation location in cochlin and the phenotype of patients
Cochlin mutations and clinical findings in this study and in previous reports are summarized in Table 2 . Mutations in the LCCL domain frequently cause the impairment of normal cleavage to produce LCCL domain fragments and significant vestibular symptoms. Mutations in the vWFA domain are less likely to cause severe vestibular dysfunctions as this domain is relatively far from the cleavage site. These data also suggest that mutations in the vWFA domain are more likely to form aggregates instead of dimers because this domain may be involved in the formation of extracellular matrix. Significant aggregation of cochlin is more likely to cause cochlear dysfunctions such as early-onset hearing loss and sudden deafness. The p.C162Y mutation is located between the LCCL and vWFA domains, and is therefore predicted to cause dysfunctions in the cleavage of LCCL domain fragments and the formation of extracellular matrix. The two families we described have the same mutation but different phenotypes so are in accordance with the prediction, yet the pathological processes remain to be clarified.
Discussion
In this study, the probands in the two families with the same mutation c.889G>A (p.C162Y) in COCH were followed up to observe the disease course of DFNA9. Based on the mutation sites in cochlin and their correlation with molecular defects in cochlin, we made the assumptions that vestibular dysfunction may be caused by disruption of normal cleavage to produce secreted LCCL domain fragments and that the cochlear symptoms may be closely related to aggregation of mutant cochlins. More DFNA9 families with different genotypes and phenotypes are needed to confirm the assumptions. Although the variation of genotype-phenotype correlation in DFNA9 is only limited to cochlear and vestibular dysfunctions, this is of clinical importance for differential diagnosis. The affected members in family #32 had the phenotype of deafness without any vestibular symptoms, quite different from the phenotype in family #208. Genetic background or environmental factors may be the factors that determine the presence of disrupted cleavage of secreted LCCL domain fragments or aggregation of the p.C162Y mutant cochlin. For example, the severe vertigo attacks and sudden deafness in family #208 always appeared in situations of feeling tired or working for a long period.
Some DFNA9 cases with cochlin mutations in the LCCL domain had a phenotype similar to Ménière's disease [27, 28] . The proband in family #208 also presented with recurrent attacks of combined vestibular and auditory symptoms, and this is the first study to follow up vestibular and cochlear functions at acute attack and interval periods for more than 3 years in DFNA9 due to cochlin mutations. The hearing symptoms are different between DFNA9 and Ménière's disease. Unlike the fluctuation of sensorineural hearing loss starting from low frequencies in Ménière's disease, DFNA9 patients show progressive deterioration of sensorineural hearing loss starting from high frequencies then slowly progressing to all frequencies, probably due to the different pathogeneses of these two diseases.
ECochG is an electrophysiological test that can reflect elevation of inner ear pressure and distention of the basilar membrane. ECochG measures the ratio of summating potential to nerve action potential (SP/AP) in response to auditory stimuli. A SP/AP ratio greater than 37% is thought to be a sign of endolymphatic hydrops seen in Ménière's disease [29, 30] . The ECochG results for the proband in family #208 showed a continued and slowly progressive summating potential. The ECochG results together with the OAE results are the signs of hair cell dysfunction. To the best of our knowledge, ECochG has not been used to test DFNA9 patients previously, and the consistently abnormal results in this family suggest that it is a valuable tool for the diagnosis of DFNA9.
The otolithic input to the sternocleidomastoid principally arises from the saccule [31, 32] , and the cVEMP test can reflect saccular function. Cochlin has been reported to be abundantly expressed in saccule and utricle. The mutant cochlin accumulated in these sites may influence saccular function, consistent with the test results for the proband in family #208. Interestingly, VEMP tests were abnormal in all DFNA9 patients tested to date [14, 15] , which may suggest that VEMP tests are sensitive indicators for DFNA9. In addition, our recuperative caloric testing and head impulse testing results indicate that semicircular canal functions may be normal in the intervals of the attacks. 
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